One sentence summary: Season of weaning, weaning weight and age of dam influence survival rate of piglets affected bowel edema caused by an atypical verocytotoxin-producing E. coli serotype.
INTRODUCTION
The epidemiology of bowel edema, a peracute toxemia of healthy, rapidly growing weaned pigs caused by specific pathotypes of Escherichia coli, is not well understood because of the sporadic nature of outbreaks and insufficient data collected and collated. In a retrospective study spanning 20 years , Henton and Engelbrecht (1997) found that out of 674 cases of colibacillosis reported in South Africa at their laboratory, only 12 were suspected of being bowel edema cases. More recently, Mohlatlole et al. (2013) surveyed several South African pig farms and reported prevalence rates of 46.2% enterotoxigenic E. coli (ETEC) genes, 0.9% shiga-toxin E. coli (STEC) genes and 43.4% enteroaggregative E. coli (eaec) genes. The success of any disease control or treatment program depends on the sound knowledge of its epidemiology. The main cause of bowel edema is hemolytic E. coli that produces F18 pili and shiga-toxin 2e (Stx2e, also known as verotoxin 2e or VT2e). The F18 pili have two major antigenic variants, F18ab and F18ac; F18ab is characteristic of edema disease strains, and F18ac is associated primarily with ETEC (Gyles 2014) . The shiga-toxin producing E. coli (STEC) implicated in edema disease most commonly belongs to four specific serotypes: O138:K81: NM, O139:K12:H1, O141:K85ab:H4 and O141:K85ac:H4, and other serotypes of E. coli such as serogroup O147 have been implicated (Gyles 2014 ). In the study by Henton and Engelbrecht (1997) , the major serotypes implicated were O138, O139 and O141. An outbreak of bowel edema disease in the Agricultural Research Council, Animal Production Institute (ARC-API) pig herd led to the isolation and characterization of the causal organism and a study of some of the epidemiologic factors influencing the severity of the disease. The aim of this study is to report on the findings of the investigation and the implications on controlling the disease.
MATERIALS AND METHODS

The production system
The ARC-API pig breeding unit has a 100-sow farrow-to-finish housing facility carrying 65 Large White and Landrace sows. The unit practices batch farrowing and an all-in-all-out system and piglets are weaned at 4 weeks of age in environmentally controlled housing. The farrowing pens and the weaner pens are cleaned with detergent and then with disinfectant (F10 R , Health and Hygiene (Pty) Ltd, Roodepoort, Johannesburg), and left to dry for 7 days before a new batch of sows and piglets are brought in. The sows are vaccinated 2 weeks before farrowing with Scourmune R C (Schering-Plough (Pty) Ltd, Isando, Johannesburg) for prevention of colibacillosis caused by Escherichia coli expressing pili types F4 (K88), F5 (K99), F6 (987P) and Type 1 and enterotoxaemia caused by Clostridium perfringens type C. Gilts are vaccinated 6-7 weeks before farrowing and then 3-4 weeks following the first dose. Piglet records kept include number born, number weaned, birth weight, weight at 3 weeks and weight at weaning. The piglets receive creep feed from 14 days of age until weaning. After weaning, the piglets are fed an unmedicated weaner feed (without antimicrobials and zinc oxide) up to 70 days. After 70 days, the pigs are moved to the grower and finisher houses.
Study design
Mortality of piglets was investigated through clinical signs and post-mortem reports. Histopathology and bacteriological analysis was done on 24 of the piglets that died between May and October 2015. The isolated bacteria were subjected to antibiotic susceptibility testing, and molecular characterization for detection of virulence-associated genes. Analyses of records of piglets that died post-weaning exhibiting similar clinical signs subsequent to death between January and October 2015 were then undertaken. The data were disaggregated according to batch, month and season. Cumulative causespecific piglet mortality was calculated based on the number of pigs that died after weaning, as a percentage of total pigs born alive. Mortality rate was also calculated and expressed as number of deaths per 1000 pig weeks. 
Post-mortem and histopathology analyses
Necropsy was performed on 24 carcasses at the IDEXX laboratories (Pty, Ltd, Pretoria, South Africa) and morphological changes noted. Samples of the brain, liver, lymph nodes, heart, intestine, spleen, kidneys and lungs were taken and processed for histopathology evaluation. Samples for bacteriological analyses were also taken and submitted to the bacteriology laboratory for further analyses.
Phenotypic Characterization
Bacteriological analyses
Bacteria were isolated from organs (liver, lung, kidney, spleen) and digesta of piglets (n = 24) that died as a result of suspected bowel edema. Presumptive colonies were confirmed as E. coli using standard biochemical tests that include API 20 E (Biomerieux R ). The E. coli isolates were sub-cultured on blood agar base supplemented with 5% cattle blood and incubated at 37
• C for 18-24 h to evaluate the hemolytic ability of the isolates. The E. coli ATCC 25922 was included alongside field isolates as a positive control and Enterobacter aerogenes was included as a negative control. One to three hemolytic colonies with E. coli morphology were selected for serotyping by standard slide agglutination test with the antisera against somatic antigen (O) and capsular antigen (K) as described elsewhere (Orskov et al. 1977) . The confirmed E. coli colonies were preserved at -20 
Molecular characterization
Isolates were resuscitated by inoculating 1 ml of preserved E. coli into 4 ml of nutrient broth, followed by incubation at 37 • C for 2 h. Loopfuls of the inoculated nutrient broth were streaked onto MacConkey agar and Blood Tryptose agar and incubated at 37
• C for 24 h. In order to ensure purity of E. coli, isolates were further sub-cultured thrice on Blood Tryptose agar, followed by incubation at 37
• C for 24 h. The E. coli isolates were inoculated in Luria Bertani (LB) broth, followed by incubation at 37
• C for 24 h. Inoculated LB broth (1.5 ml) was dispensed into sterile Eppendorf tubes, followed by centrifugation at 9447 × g for 5 min. Supernatant was discarded, and the bacterial cells were washed twice with 1 ml of sterile distilled water, followed by suspension of the bacterial pellets in sterile distilled (200 μl) water. Total DNA was extracted using the cell lysis method. Escherichia coli containing target virulence factors were included as positive controls. Multiplex PCRs were used for the detection of virulence genes encoding heat-labile (LT), heat-stable toxin a (STa), and heat-stable toxin b (STb); Verotoxins (VT1, VT2), and eaeA; enteroaggregative heat-stable enterotoxin (EAST-1), adhesin involved in diffuse adherence 1 (AIDA-1) and porcine attaching and effacing-associated factor (PAA); F4; F5; and F6. Monoplex PCR reactions were used for detecting F18 fimbriae and stx2e toxins. The sequences for oligonucleotide primers used to detect the diverse virulence-associated genes in this study are listed in • C for 7 min. The amplicons (10 μl) were separated in 1.5% ethidium bromide-stained agarose gels. Electrophoresis was performed for 30 min at 100 V, followed by visualization under a UV trans-illuminator (Biorad, California: USA). A 100 bp DNA ladder (Inqaba Biotec, Pretoria, South Africa) was used as molecular weight marker.
Statistical analysis
Production data were sorted by batch, season and sow parity. Each farrowing group was assigned to a weaning season on the basis of the actual weaning dates. Winter was from June to August, spring from September to November, summer from December to February and autumn from March to May. Within each farrowing group, sows were categorized as parities 1-7. The sows in parities 1, 2, 3 and 4 were denoted young (YOU) and those 5 and above were denoted old (OLD), and comparisons were made with respect to survival of piglets in each age group. All data were tested for normal distribution. Logistic regression was used to evaluate the effect of season of weaning, month of birth, birth weight, weight at three weeks, weaning weight and sow age on mortality using PROC LOGISTIC of SAS (Version 9.3; 2010). Survival curves (Kaplan-Meier curves) of the piglets for the season of weaning and those born by young and old sows were created and compared using the PROC LIFETEST procedure of SAS (Version 9.3, 2010). Differences in Kaplan-Meier curves of the season of weaning and sow age were compared with the log-rank test. Differences between the means were considered significant when P < 0.05 and tendencies when 0.1 < P > 0.05.
RESULTS AND DISCUSSION
Over the study period, a total of 57 litters were farrowed by 43 sows. A total number of 552 piglets were born alive and 80 were born dead. Among the 43 sows (parities 1-7) involved in the study, 29 (67%) farrowed once and 14 (33%) farrowed twice. The symptoms of all pigs that died in this study postweaning were similar and manifested as edematous eyelids, weakness and ataxia. Occasionally, there was dyspnea and then they would collapse and die. The consistency in clinical signs along with the age group of pigs affected led to a presumptive diagnosis of bowel edema disease. On post-mortem and histopathology evaluation, the lesions in the gastrointestinal tract and lymph nodes were compatible with a bacterial necrotic enteritis and the lymph node lesions indicated development of a resultant septicemia. A bacterial pathogen was thus likely, and Escherichia coli was the most important differential diagnosis, although other causes of polyserositis such and enterohaemorrhagic (EHEC) biotypes. In this study, five isolates of E. coli O149 were identified from cases of edema disease, but this type is not, according to several authors (Johnson et al. 1990; Imberechts, De Greve and Lintermans 1992) , associated with clinical edema disease nor does it produce the toxin. However, the hemolytic strains detected in this study could potentially be pathogenic as hemolysin is one of the virulence factors in many prokaryotic organisms. Further, detailed studies of not only these isolates but also of enterohaemorrhagic strains that produce large amounts of verocytotoxin are warranted. Historically, the serotypes in the vaccine produced at Onderstepoort Biological Products (Pretoria, South Africa) have been selected in response to the fluctuation in isolation of serotypes over the years (Henton and Engelbrecht 1997) . Strains that have always been included in the vaccine are O149, O141 and O138, O139 and F4 (K88). The antibiogram results in May 2015 showed that the bacteria were initially sensitive to enrofloxacin, kanamycin and lincospectin but were resistant to ampicillin, cefotaxime, tetracycline, trimethoprim-sulphamethoxazole and tylosin. In October 2015, the bacteria were only sensitive to enrofloxacin. This constitutes multiple antibiotic resistance (MAR), defined as resistance to three or more different classes of antimicrobials. This was a cause for concern because resistant genetic elements from these isolates could also be transferred to other enteric bacteria of clinical importance (Ateba and Bezuidenhout 2008) . The PCR results indicated that out of the genes for 16 virulence factors tested for, only three (VT2, AIDA-1 and F18 fimbriae) were detected. Almost all the E. coli isolates, except one carried genes for VT2 toxins, AIDA-1 toxin and F18 fimbriae (Fig. 1) . Although the characterization of E. coli associated with colibacillosis or edema disease has been undertaken (Aarestrup et al. 1997; Ha, Choi and Chae 2003; Pittman 2010; Fasina, Bwala and Madoroba 2015) , the combination of VT2, AIDA-1 and F18 fimbriae positive strains linked to fatal bowel edema appears to be uncommon in South Africa. This finding supports the observation that there is a relationship between AIDA, F18 and Stx2e genes (Niewerth et al. 2001) . However, these strains need to be further characterized using high-resolution tools such as whole-genome sequencing in order to expand theoretical and practical epidemiological knowledge with a view to effectively control and manage the spread of these pathogens in South Africa. These results are almost similar to observations made by Pittman (2010) who found multiple combinations of toxins in various E. coli isolates and pilus types, but AIDA, eae and porcine attaching and effacing-associated factor were not identified. The genes associated with Stx2e production are found most commonly in F18-positive E. coli isolates that produce one or more enterotoxins (Zhang et al. 2007; Pittman 2010) . The binary logistic regression of factors influencing survival of pigs exposed in an outbreak of bowel edema in the piglets are shown in Table 2 . The results showed that only season of weaning and weaning weight had influence (P < 0.05). Piglets weaned in summer, autumn and winter were more likely (P < 0.05) to survive than those weaned in spring. Weaning piglets in summer increased their log odds of surviving by 6.4 versus when weaned in spring, and when weaning in autumn this was increased by 9.8 versus spring and in winter they are increased by 2.3 versus weaning them in spring.
The Kaplan-Meier estimates of survival for piglets weaned in summer, autumn, winter and spring are shown in Fig. 2 and for piglets farrowed from young sows (parity 1, 2, 3, 4) and old sows (parity 5+) are in Fig. 3 . The Kaplan-Meier curves and results of the log rank tests indicate that there is a difference (P < 0.05) in survival curves of piglets weaned between the different seasons and born from the young and old sows. These results indicate that piglets weaned in autumn had the highest chance of surviving, whereas those weaned in spring had the lowest. The survival for piglets born from young sows was higher (P < 0.05) than those from old sows. Given the stringent measures in observing hygienic standards practiced in the ARC-API pig unit, it can be assumed that the source of infection and the perpetuation of the bacteria were more likely coming from the animals rather than the environment. It could be that older sows were shedding more bowel edema-causing E. coli than the younger sows or alternatively older sows' milk was less protective. It could also be that vaccinating the sows only once and 2 weeks before farrowing may have impacted significantly in the manifestation of the bowel edema, given that the lymphocytes require sufficient time to migrate to the mammary glands. Oanh et al. (2012) demonstrated that immunization of sows 5 weeks and 3 weeks prior to farrowing with the Stx2e toxoid induced strong immune responses in piglets and sows, as well as providing high levels of passive antibodies in piglets. Knowledge of the seasonal variation in the manifestation of the disease can be used to take extra care and put in place measures that minimize the impact of the disease during the vulnerable periods.
CONCLUSIONS
It can be concluded that more stringent measures to mitigate the impact of the disease need to be targeted for spring and in older sows. It would also be important to undertake nationwide surveys of toxins and adhesins that are associated with colibacillosis in South African pigs in order to develop improved and effective Escherichia coli vaccines that are relevant in the South African environment.
